Dispersive liquid-liquid microextraction combined with online sweeping preconcentration in micellar electrokinetic chromatography was developed for the simultaneous determination of five triazine herbicides (atrazine, simazine, propazine, prometon and simetryn) in water samples. Several experimental parameters affecting the extraction efficiencies such as the type and volume of both the extraction and dispersive solvents, the addition of salt to sample solution, the extraction time and the pH of the sample solution were investigated. Under optimum conditions, the linearity of the method was good in the range from 0.33 to 20 ng mL 21 for simazine, propazine, atrazine and simetryn, and from 0.17 to 20 ng mL 21 for prometon, respectively. The sensitivity enrichment factors were in the range from 1750 to 2100, depending on the compound. The limit of detection (S/N 5 3) ranged from 0.05 to 0.10 ng mL
Introduction
Triazines, a type of highly effective herbicides for weed control, have been extensively applied to corn, soybean, wheat, barley and sorghum productions over the past years. However, they are persistent in the environment and their prolonged use could lead to their retentions in crops and soils. Some of their degradation products are as much as or even more toxic than their parent compounds (1) . According to the European Union directive (2), the maximum residue limit for all herbicides in drinking water is 0.5 ng mL 21 for the total content and 0.1 ng mL 21 for an individual one. Therefore, development of the highly sensitive and selective analytical method for the determination of the trace level herbicide residues in environmental samples is imperative.
The extraction and concentration of the analytes from sample matrix is the most challenging and time-consuming step in the whole analytical process. Dispersive liquid -liquid microextraction (DLLME) as a relatively new mode of liquid -phase microextraction was first developed by Assadi in 2006 (3) . The advantages of the DLLME method include simplicity of operation, rapidity, low-cost and high enrichment factor. Until now, DLLME methods coupled with liquid/gas chromatography have been successfully used for the extraction and determination of some pesticide residues in environmental water samples (4) (5) (6) . However, to the best of our knowledge, the reports about the combination of DLLME with capillary electrophoresis (CE) for the analytical purpose are still very few (7 -9) .
CE with its various modes of operations has proved to be powerful and highly efficient for some routine applications (10, 11) . However, the main drawback of CE is its low concentration sensitivity due to the small injection volume and short optical path in the most commonly used UV detections. To surmount this problem, several online preconcentration strategies in CE have been developed (12) (13) (14) (15) (16) . Sweeping, as one of the preconcentration techniques first reported by Quirino and Terabe (12) , is an effective online sample concentration mode in micellar electrokinetic chromatography (MEKC). Previously, we have reported the application of online sweeping concentration in MEKC for the determination of some triazine herbicide residues in water samples (17) . In continuation to our previous research endeavors in liquid-phase microextraction and online concentration technique of CE (7, (18) (19) (20) (21) , herein, a DLLME coupled with online sweeping MEKC for the determination of some triazines in water samples was further explored and studied.
Experimental

Reagents and materials
Triazine herbicides were purchased from Agricultural Environmental Protection Institution (Tianjin, China). A mixture stock solution containing each of atrazine, simazine, propazine, simetryn and prometon at 10.0 mg mL 21 was prepared in methanol and stored in glass-stoppered bottles at 48C. Standard working solutions at various concentrations were prepared daily by an appropriate dilution of the stock solutions with 50 mmol L 21 phosphate buffer ( pH 2.5) after dryness under a stream of nitrogen.
All the chemicals and solvents used were of analytical reagent grade. Sodium dodecyl sulfate (SDS) was purchased from SigmaAldrich (St. Louis, MO, USA). Chloroform (CHCl 3 ), carbon tetrachloride (CCl 4 ), bromobenzene (C 6 H 5 Br) and chlorobenzene (C 6 H 5 Cl) were purchased from Beijing Chemical Reagent Company (Beijing, China). All the solvents were sonicated and filtered through a 0.45-mm filter purchased from Tianjin Automatic Science Instrument Co. (Tianjin, China) prior to use.
For water samples, well water was collected from Xixinzhuang (Cangzhou, China), ground water was collected from Wumazhuang (Baoding, China) and river water was collected from Tang River (Baoding, China). All the water samples were filtered through a 0.45-mm polyamide filter to remove suspended particles before use.
Apparatus CE experiments were performed on a Beckman P/ACE MDQ Capillary Electrophoresis System (Beckman Coulter, Fullerton, CA, USA) equipped with an auto sampler and a diode array detector. An uncoated fused-silica capillary (Yongnian Ruifeng Optical Fiber Factory, Hebei, China) of 50 cm (effective length, 40 cm) Â 75 mm i.d. was used throughout the experiments. All of the operations were computer-controlled using the Beckman P/ACE MDQ 32 karat software.
An LD4-2A centrifuge (Beijing Medical Centrifuge Factory, Beijing, China) was used for centrifugations.
DLLME procedure
For the DLLME, an aliquot of 5.0 mL of water sample was placed in a 10-mL screw-capped glass test tube with conical bottom and 0.1 g NaCl was added to the sample. Subsequently, 1.0 mL of acetonitrile (as dispersive solvent) containing 60.0 mL C 6 H 5 Cl (as extraction solvent) was rapidly injected into the sample solution and then the mixture was vortexed for 1 min. A cloudy solution (water, acetonitrile and C 6 H 5 Cl) was formed in the test tube. The mixture was then centrifuged at 4000 rpm for 5 min and the C 6 H 5 Cl phase was sedimented at the bottom of the centrifuge tube. The sedimented phase was completely transferred to another test tube with conical bottom using a 100-mL microsyringe and then evaporated to dryness under a mild nitrogen stream. Then, the residue was redissolved in 20 mL of 50 mmol L 21 phosphate buffer (pH 2.5) for CE analysis.
Electrophoresis procedure
Prior to use, new capillaries were conditioned in sequence with 0.1 mol L 21 NaOH (10 min), water (10 min), methanol (10 min) and water (5 min). To ensure repeatability, the capillary was flushed between consecutive analyses with 0.1 mol L 21 NaOH at 20 psi for 3 min, then with double-distilled water for 3 min and finally with the background solution (BGS) for 5 min.
The sweeping conditions for the experiment were as follows: BGS was 30 mmol L 21 phosphate buffer ( pH 2.5) containing 20% acetonitrile and 100 mM SDS with an applied voltage of 220 kV at 208C. Sample injection was performed at 0.5 psi for 120 s with UV detection at 220 nm.
Results
The results of the DLLME combined with sweeping-MEKC analysis are presented in Table I The reproducibilities of the method were evaluated in terms of intra-and interday precisions by extracting and determining the analytes from the spiked water samples at the concentration of each herbicide at 0.5 ng mL 21 on the same day (n ¼ 5) and on three consecutive days (n ¼ 15). The results expressed as the relative standard deviations (RSDs) of the peak areas are also presented in Table I . As can be observed, an acceptable precision was obtained with intraday RSD values in the range 3.1-5.1% and interday RSD values in the range 4.2 -6.3%.
The developed method was applied to the analysis of the five triazines in the real water samples including ground, well and river water samples. As a result, no residues of the triazines were found in the water samples. To test the accuracy of the method, water samples were spiked with the five triazine herbicides each at 0.50 and 20.0 ng mL 21 , respectively, and then were analyzed by the current method. It can be seen from Table II that the resultant recoveries of the method (expressed as the percentages between the concentration of the analytes found and the concentration of the analytes spiked) for the five triazine herbicides in ground, well and river water samples were in the range from 80.7 to 112.0%, with the RSDs (n ¼ 5) in the range from 3.2 to 7.0%. Figure 1 shows the typical electropherograms of the extracted triazines from river, ground and well water samples before and after being spiked with each of the five triazines at 1.5 ng mL 21 .
Discussion
Optimization of the sweeping conditions
Sweeping is an online sample concentration technique in MEKC that relies on the sample matrix prepared in a buffer solution with a conductivity that is similar to, lower or higher than that of BGS but without adding pseudostationary phase (micelles). When charged micelles in BGS penetrate the sample zone during the application of voltage, picking or accumulating of the analytes occurs due to the partitioning or interaction of the analytes with the micelles. Therefore, the analyte zones are narrowed due to a partitioning mechanism as the sample molecules are incorporated into the micelles phase.
In the current work, some of the online sweeping separation conditions were mainly based on our previous report (17) with some minor modifications, i.e., SDS concentration at 100 mmol L 21 , applied separation voltage at 220 kV and injection at 0.5 psi for 120 s. The buffer concentration, sample matrix and the type and concentration of organic modifiers were newly optimized as follows.
Effect of the buffer and sample matrix concentration Phosphate buffer at low pH has been mostly used in CE. It was also chosen in this research. The influence of the phosphate concentrations was tested by changing its concentrations from 15 to 30, 50, 75 and 100 mmol L
21
, respectively, while keeping other conditions unchanged. The result demonstrated that within the above concentration change, the phosphate concentration had almost no influence on the sweeping of the triazine herbicides. However, the high phosphate concentration had a negative effect on the sensitivity of the method since the effect of Joule heat became more pronounced with increased buffer concentration and therefore resulted in an increased baseline noise. In this study, 30 mmol L 21 phosphate buffer at pH 2.5 was selected.
In the early work of the sweeping, the conductivity of the sample solution was usually adjusted to be nearly equal to that of the running micellar buffer solution but no micelle was added to the sample solution. Therefore, homogeneous electric field strength was assumed throughout the whole capillary under sweeping conditions, which is different from field-enhanced stacking techniques (13) . Later, Palmer et al. reported that the . The experimental conditions are the same as described in the section Experimental. Peak identifications: 1, prometon; 2, simetryn; 3, propazine; 4, atrazine; 5, simazine; u, unidentified peaks.
use of high salt concentrations in sample solution with a conductivity of two to three times greater than that of BGS could improve the focusing effect in MEKC (22) . Quirino et al. in their later work also showed that the sample matrix could have a conductance similar to, lower or higher than that of the separation buffer solution (23) . In this study, 50 mmol L 21 phosphate buffer ( pH 2.5, 3.58 mS/cm), which has a conductivity similar to that of the BGS (30 mmol L 21 phosphate buffer ( pH 2.5) containing 100 mmol L 21 SDS and 20% acetonitrile, 3.50 mS/cm), was chosen as the sample matrix.
Effect of organic modifier concentration
In our previous work, methanol was chosen as the organic modifier. However, for the current work, prometon and simetryn could not be separated when methanol was used. Instead, the addition of 15% acetonitrile as the organic additive in the buffer could improve the separation between prometon and simetryn, although they could not be well separated. When the acetonitrile concentration was further increased, the resolutions between the analytes were improved but with increased migration time. Giving an overall consideration of the resolution, peak shape and migration time, 20% of acetonitrile was selected for the experiment. In such a condition, prometon and simetryn were completely separated.
Effect of sample injection length
The sample preconcentration involves accumulating the analytes originally distributed in a larger volume of the injected sample solution into a narrow zone, so the injection of a large volume of sample solution is the basis for sweeping enhancement (24) . In this study, with the BGS of 30 mmol L 21 phosphate buffer at pH 2.5 containing 100 mmol L 21 SDS and 20% (v/v) acetonitrile and with the sample being prepared in 50 mmol L 21 phosphate buffer ( pH 2.5), the effect of sample injection length was examined by injecting the sample solution into the capillary at 0.5 psi for 5, 10, 60, 120 and 180 s, respectively. As a result, with the increase of the injected sample plug length, the peak heights were increased, but the resolutions between the peaks were gradually deteriorated. When the injection time was increased up to 180 s, almost all the peaks were coalesced. As a compromise between the resolution and sensitivity, the injection of sample at 0.5 psi for 120 s was chosen.
As a result, the optimized sweeping conditions were as follows: The BGS was 30 mmol L 21 phosphate buffer ( pH 2.5) containing 100 mmol L 21 SDS and 20% acetonitrile. The sample matrix was 50 mmol L 21 phosphate buffer at pH 2.5. The sample was introduced into the capillary by hydrodynamic injection at 0.5 psi for 120 s. Electrophoresis was performed at a constant voltage of 220 kV at 208C.
Optimization of DLLME In this experiment, 5.0 mL double-distilled water spiked with the triazines at each of 10 ng mL 21 was used to study the extraction performance under different experimental conditions. The type and volume of both the extraction and dispersive solvents, the presence of salt, the extraction time and the pH of sample solution were investigated. All experiments were performed in triplicate and the means of the results were used for optimization.
Selection of extraction and dispersive solvents
The selection of an appropriate extraction solvent is of great importance for the DLLME process. The extraction solvent should meet the following requirements: it should have a higher density than water, a low solubility in water and a high extraction capability for the analytes, and also should form a stable two-phase system in the presence of a dispersive solvent when injected to an aqueous solution. Based on these criteria, CCl 4 (Density, 1.59 g mL were investigated as the extraction solvent for the study. As can be seen in Figure 2A , C 6 H 5 Cl gives the highest overall extraction efficiency for the analytes among the four solvents investigated. Therefore, C 6 H 5 Cl was selected as the extraction solvent.
Selection of a suitable dispersive solvent is also very important for improving extraction efficiency. The dispersive solvents must be miscible with both the extraction solvent and the aqueous solution and can disperse the extraction solvent as very fine droplets in aqueous phase. In this study, acetonitrile, acetone and ethanol were investigated as the dispersive solvent. As a result, the best extraction recoveries were achieved when acetonitrile was used (data not shown). This result was also in agreement with those reported by Sanagi et al (25) . Consequently, acetonitrile was selected as the dispersive solvent. Figure 2B , which shows that the extraction recoveries for the herbicides were increased by increasing the volume of the extraction solvent from 20.0 to 60.0 mL and then remained almost constant after that. Thereby, 60.0 mL of C 6 H 5 Cl was selected.
Effect of extraction solvent volume
Effect of dispersive solvent volume
The influence of the volume of the dispersive solvent acetonitrile was investigated by changing its volume to 500, 750, 1000, 1250 and 1500 mL, respectively. The results indicated that with increased volume of acetonitrile, the extraction efficiency was increased first and then decreased for all the herbicides (data not shown). At low volumes of acetonitrile, the cloudy suspension of the droplets of the extraction solvent was not formed well, resulting in a decreased extraction recovery. At too high volumes of acetonitrile, the solubility of the triazines in water sample solution would be increased and the extraction efficiency decreased. Based on the experimental results, 1000 mL of acetonitrile was chosen.
Effect of extraction time
The extraction time for DLLME was defined as the time interval between the addition of the mixture of the extraction solvent (C 6 H 5 Cl) and the dispersive solvent (acetonitrile) to the sample and the start of centrifugation. The effect of the extraction time was studied in the range from 1 to 15 min with other experimental conditions being kept unchanged. The results showed that the extraction time had no remarkable impact on the extraction recoveries. The reason for this is that the large surface area between the extraction solvent and aqueous sample after the formation of cloudy solution will lead to a very fast transition of the analytes from aqueous phase to the extraction solvent. The short extraction time is one of the advantages of the DLLME technique. In this experiment, vortexing for 1 min was adopted.
Effect of ionic strength
The effect of ionic strength on the performance of the DLLME was investigated by adding different concentrations of NaCl (0, 1, 2, 4, 6 and 8%, w/v) to the sample solution. The results showed that with the salt concentration being increased from 0 to 2%, the extraction recoveries for the five triazines were increased, and then the extraction recoveries of propazine and simetryn were decreased when the salt concentration was increased from 4 to 6%; when the NaCl concentration was further increased to 8%, the extraction solvent phase could not be sedimented at the bottom of the centrifuge tube, but went to the upper layer in the tube (data not shown). On the basis of the above observations, 2% NaCl was selected.
In the end, the optimized DLLME conditions are as follows: 5.0 mL sample solution, 60 mL C 6 H 5 Cl as the extraction solvent, 1000 mL acetonitrile as the dispersive solvent, the addition of 2% NaCl in sample solution (w/v) and vortexing for 1 min.
Sensitivity enhancements from the combination of the DLLME with sweeping MEKC For the combined use of the DLLME and sweeping MEKC in this work, the sensitivity enhancement factor (SEF DSM ) in terms of peak height was achieved according to the following equation:
where H DLLME-sweeping MEKC and H normal injection are the peak heights of the analytes by the combination of the DLLME with sweeping-MEKC method and by the conventional MEKC method with normal injection (0.5 psi, 5 s), respectively, and g sample concentration dilution factor is the ratio of the sample concentration (1.0 mg mL
21
) in the conventional MEKC method with normal injection to the sample concentration (10 ng mL 21 ) in Figure 3 . Comparison of the electropherograms obtained by (A) conventional MEKC method (sampling: 1.0 mg mL 21 of the triazine herbicides in BGS, direct injection at 0.5 psi for 5 s), (B) the sweeping-MEKC method (sampling: 0.5 mg mL 21 in 50 mmol L 21 H 3 PO 4 ( pH 2.5), direct injection at 0.5 psi for 120 s) and (C) the combination of DLLME with sweeping-MEKC method (sampling: starting from 5.0 mL of 10 ng mL 21 water sample for DLLME, after DLLME, injection of the resultant reconstituted extract in 20 mL of 50 mmol L 21 H 3 PO 4 ( pH 2.5) at 0.5 psi for 120 s). Peak identifications: 1, prometon; 2, simetryn; 3, propazine; 4, atrazine; 5, simazine; u, unidentified peaks. the initial aqueous sample for the DLLME combined with sweeping MEKC. In this case, g sample concentration dilution factor was 100.
Under optimum DLLME and sweeping conditions, the SEF DSM of this method were 2090, 2100, 1900, 1940 and 1750 for simazine, propazine, atrazine, prometon and simetryn, respectively. The above results demonstrated that compared with conventional MEKC, the developed DLLME combined with sweeping-MEKC method markedly improved the detection sensitivity. The electropherograms for the conventional MEKC, sweeping MEKC and the DLLME combined with sweeping-MEKC method are demonstrated in Figure 3 .
Conclusions
In this work, a sensitive DLLME combined with sweeping-MEKC method was developed for the analysis of some triazine hebicides in water samples. The sensitivity of the method was much improved by the combined use of DLLME with sweeping MEKC. Compared with other conventional sample pretreatment methods, this method offers advantages such as rapidity, ease of operation, high sensitivity enrichment factor and lower consumption of organic solvents. The results demonstrated that the method, with good recoveries and reproducibilities, can be applied for the sensitive analysis of the triazine hebicides in water samples by using conventional CE instruments.
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